INTRODUCTION
Caves are meteorologically stable environments with low temperature fluctuations, high humidity, and relatively neutral pH. These conditions would make caves attractive to many biological organisms except for the extreme lack of primary energy input (e.g., light) that limits these biomes to oligotrophs -organisms adapted for survival in environments with extremely low nutrient content. Cave-dwelling oligotrophic prokaryotes have been formally studied for decades (e.g., Caumartin 1963, Barton and , and a combination of culturing and environmental DNA studies have found a large variety of microbes living in subterranean environments (e.g., Tomczyk-Żak and Zielenkiewicz 2016) . Due to the lack of energy input, cave and soil microbes often live in biofilm communities and survive using metal oxidation or a variety of strategies such as nitrogen fixation, acquisition of volatilized aromatic compounds, or utilization of dissolved organic matter introduced via infiltrating meteoric water (Northup and Lavoie 2001; Ortiz et al., 2014) . Communal lifestyles promote recycling of limited resources, such as the use of waste products excreted from other bacteria containing proteins, lipids, and other biomolecules (Barton et al., 2004 . Certain bacteria form notable structures in caves such as pool fingers and moon milk, as they break down organic calcium salts and excrete calcium ions as waste products (Barton and Northup 2007) . Still other microorganisms play a role in cave formation by mediating carbonate dissolution (e.g., Engel et al., 2004) .
Since cave microbes are adapted to survive at the cusp of starvation and utilize numerous alternative energy acquisition strategies, the majority of them are difficult to culture and identify using traditional microbiological techniques. The advent of molecular genetic techniques for the identification of environmental DNA (eDNA) provides the potential to distinguish many microorganisms that have been overlooked using other methods (Torsvik and Øvreås, 2002) . The first generation of molecular methodologies included PCR amplification of a marker gene followed by a host of fingerprinting methods (e.g., DGGE, RFLP, RAPD, RISA) and allowed an estimation of diversity, but without the benefit of taxonomic identifications (Dorigo et al., 2005) . A newer approach, metabarcoding, provide marker sequences from a single genetic locus that can taxonomically distinguish microbial species. The first successful applications of metabarcoding utilized clone libraries of PCR amplicons and Sanger sequencing (Handelsman, 2004) . Most recently, metabarcoding analyses have been expanded to utilize next generation deep-sequencing technology enabling the identification of large numbers of microorganisms from many different environments (Wooley et al., 2010) .
Metabarcoding coupled with next generation sequencing has been conducted in several caves, and operational taxonomic units OTU counts ranging from hundreds to thousands have been discovered on speleothems (Ortiz et al., 2013 , Mendoza et al., 2016 , Lavoie et al., 2017 , Vardeh et al., 2018 and in sediment (De Mandal et al., 2017) . There have been two notable outcomes from these studies. First, when cave interior microbes were compared to those of surface soils in two arid environments, very low overlapping OTU content was found -16% from Kartchner Caverns, AZ (Ortiz et al., 2013) and 11.2 % from Lava Beds National Monument (Lavoie et al., 2017) . Second, various cave micro-habitats harbored distinct microbiomes, irrelevant of their proximity to one another (Ortiz et al., 2013 , Lavoie et al., 2017 .
The purpose of this study was to perform a metabarcoding survey of the microbial communities from six caves found in the temperate Southern Appalachian Mountain range of North America with the intention of testing two hypotheses. Hypothesis 1 stated that caves in a temperate environment would share a larger proportion of microbes with the surface than caves in arid environments, and Hypothesis 2 stated that individual caves within a given karst ecosystem would exhibit insignificant differences in their microbiomes.
Materials and Methods

Study Area and Sampling
Samples were collected from 6 caves that developed in lower to middle Ordovician-aged carbonate rocks, located in southwestern Virginia (Miller and Brosge, 1954, Brent, 1963) . Two of the caves, Bolling and Panel, are located within Natural Tunnel State Park in Scott County, VA. Both caves are gated and locked so human activity is limited to permitted researchers and guided tours conducted by park staff from May to October. Tours are conducted weekly during peak months (June-July) and monthly at non-peak times of year. Their entrances are 1.2 km apart and the two caves are hydrologically separated. Bolling Cave is located high on Copper Ridge on the western side of Stock Creek, roughly parallel to the north portal of Natural Tunnel. It has over 425 m of mapped passages. Infiltrating groundwater forms a small stream that exits the cave via a spring. Panel Cave is also situated in Copper Ridge, 1.2 km from the entrance of Bolling Cave, on the east side of Stock Creek, downstream from Natural Tunnel. It is a single meandering cavern approximately 190 m long. Panel Cave's stream is fed by infiltration from a sinking stream on the surface (unpublished dye trace data), and exits via a large spring. The remaining 4 caves, Smith's Milk, Gallohan 1 & 2, and Surgener, are located approximately 40 km from Natural Tunnel State Park in The Cedars Natural Preserve in Lee County, VA. This area was agricultural before its current designation as a natural preserve, and lands around the preserve are still farmed. These caves are not gated, but they occur on a combination of preserved and private land and are difficult to access. They are rarely visited, limited to sporadic tours by researchers and geology classes (once or twice a year), and the occasional trespasser. The four cave entrances occur within a 500 m radius and they are hydrologically connected with flow from Smith's Milk through Gallohan 2 and Gallohan 1, to Surgener (unpublished dye trace data). Recharge appears to be primarily, if not entirely, by surface infiltration of meteoric water. The cave stream exits Surgener through a large entrance and flows as a surface tributary to the Powell River. During periods of high river discharge, water can backflow to the entrance of Surgener Cave. Known animal occupants of all six caves are limited to several species of salamander, cave crickets, arachnids, and occasional bats during winter months (no large bat colonies have been observed). There is evidence of past bear activity in Bolling cave but no recent sightings.
Three types of samples were collected from each cave for microbiome analysis-speleothems or damp cave ceilings, cave sediments, and surface soils. Cave speleothems were sampled by rubbing sterile cotton swabs along the surfaces of damp formations, placing the cotton tip into a 1.5 mL microcentrifuge tube, and removing the wood handle with snips. Where no spelothems were present, samples were collected from damp cave ceilings. Sediments were collected by directly scooping substrate with an opened 15 mL sterile screw-cap conical tube and sealing the tube immediately after collection. The collected substrates ranged from small loose streambed gravel to sand or moist clay. Surface soils were collected from areas immediately outside of the cave entrances adjacent to the entrance pathway, as well as from areas overlying the caves wherever possible. Leaf litter was brushed away and top soil scooped into 15 mL sterile screw-cap tubes in a manner similar to the interior sediment sampling. All samples were transported in darkness to a laboratory at the University of Virginia's College at Wise and stored at 20 °C until further processing for DNA extraction. Three or more replicates of each type were collected from each site, and nitrile gloves were worn for all collections.
DNA Extraction and Sequencing
DNA was extracted from all soil and sediment samples using Qiagen's (Germantown, MD, USA) PowerSoil DNA Isolation kit following the manufacturer's instructions. DNA was extracted from the cotton swabs using the same kit with the following modification-swabs were placed directly into the bead-beater tubes as if they were soil samples. DNA samples were stored at 20 °C. The 16S rDNA V4 regions from all the replicates were PCR amplified during a GCAT-SEEK workshop (Genome Consortium for Active Teaching: https://gcat-seek.weebly.com) held at Hampton University (Hampton, VA) July 2017. The V4 rDNA regions were PCR amplified and prepared for multiplexed paired-end Illumina sequencing following the protocol of Caporaso et al. (2011) . Paired-end deep sequencing was completed by Wright Labs LLC (Huntingdon, PA) using Illumina's MiSeq technology (reagents kit v2). The number of successfully sequenced replicates from each location and type is included in Table S1 .
OTU Clustering and Taxonomy Assignments
A total of 4,070,451 raw sequences were produced from 49 samples. These were paired, trimmed, and quality filtered (expected error of  0.5 %) using USEARCH version 7 (Edgar, 2010) leaving 101,719 sequences, representing 1894 unique OTU. Reads were analyzed with QIIME 1.9.0 software package (Caporaso et al., 2010) . OTU were chosen and grouped from the quality filtered reads using UCLUST and singletons were discarded. OTU was defined as a group of reads with  97 % similarity. Taxonomy was assigned using the Greengenes 16S rRNA gene database (release 13-5, DeSantis et al., 2006) and RDP Classifier (Wang et al., 2007) .
Alpha Diversity Analyses
Replicate OTU data from each site and type were combined for all alpha diversity calculations (see Table S1 for number of completed replicates). Alpha diversity was estimated using Chao1 (Chao and Chiu 2016) , Shannon (Smith and Wilson 1996) , and Simpson (Pielou 1969) indexes calculated with the VEGAN package in R (Oksanen et al., 2018 , R Core Team, 2018 . Observed OTU represent the raw number of unique OTU from each site and type.
Beta Diversity Analyses
Comparisons between sample types and sites were conducted as multi-dimensional analyses. Principle Coordinates Analysis (PCoA) with scatter plots and Analysis of Similarity (ANOSIM) were conducted to compare the taxonomic compositions of each sample site. These were generated using identifiable OTU and their abundance with the software package PRIMER-E with the PERMANOVA add-on (Clark and Gorley, 2015) . OTU counts were normalised with the square-root function and resemblance estimated using the Bray-Curtis index.
Results
Cave Versus Surface Alpha Diversity
A total of 1894 unique OTU were detected from the six sample sites; 1433 occurred within caves (482 from swabs and 1343 from sediment), and 1254 occurred in surface soil. Of these OTU, 1543 were taxonomically identifiable, with 1096 outside and 1174 inside; whereas, 640 OTU were found only in cave samples (Table S2) .
Species richness and diversity estimates were calculated for the speleothems, cave sediments, and surface soil ( Fig. 1 , Supplemental Table S1 ). Surface soils and cave sediments exhibited the greatest richness according to observed values and Chao1 estimates, as well as the greatest diversities based on the Simpson and Shannon indices. Not only did cave sediments have the most abundant OTU, but the richness and diversity estimates demonstrated greater variability compared to soils outside the caves. Speleothem samples all had lower numbers of OTU than cave sediment or soil, but diversity estimates were much more variable, suggesting less consistency from sample to sample.
The OTU were organized by phylum, and relative abundance was calculated to determine differences between sample types (Table 1 ). The relative abundance of the most highly represented phyla was generally consistent between the exterior soil samples versus the cave sediments and speleothems. Differences were observed among the minor phyla; for example, Tenericutes was much less abundant in the speleothem samples versus outside soil and interior sediment, and seven phyla were not found on the speleothems. Two minor phyla were only observed inside the caves-NC10 and the Archaean, Crenarchaeota. The number of OTU with unassigned taxonomy was much larger among cave-specific sequences and several phyla had noticeably lower relative abundance in the cave-specific OTU. Two phyla, Armatimonadetes and the Archaean Parvarchaeota have not been previously reported to reside in caves.
Cave Versus Surface OTU Comparison
To determine the differences between the interiors and exterior environments of the six caves, we compared OTU observed on speleothems, exterior soil, and cave sediments (Fig. 2, Table S2 ). Each sample type was associated with unique OTU, and the cave sediments had the largest representation with 320 ( Fig. 2A) . Overall cave versus surface comparison shows that 1,133 of the 1894 OTU (59.8 %) were shared between the surface and subsurface. A comparison between the speleothem bacteria and surface soils show that 337 of 1574 OTU were shared (21.4 %). Comparisons between the cave sediments and exterior soils show that 904 OTU were shared (53.8 %) between the two environments.
PCoA was completed for each replicate of each sample site and type (Fig.  2B) . The exterior soil samples had the least amount of variation, with nearly all the replicates forming a distinct group. The interior sediment OTU were similar to exterior ones according to PCoA1 but dissimilar according to PCoA2. Cave sediment OTU were also much more variable than the exterior soil samples. Speleothem OTU were highly variable and overlapped very little with the sediment and soil samples.
Analysis of similarity (ANOSIM) was conducted to compare differences between the sample types. In overall comparisons, the largest significant R-value (R  0.726, P  0.001), and thus, the greatest difference occurred between speleothem bacteria versus exterior soil. The second most significant difference occurred between speleothem versus cave sediment bacteria (R  0.509, P  0.001), and third, the significant difference between cave sediments and exterior soils was R  0.23 (P  0.001).
Inter-cave Comparison
OTU from the interiors of the six caves were compared to determine the similarities of microbiomes within different caves residing in the same region. Of the 1,598 OTU identified from cave interiors, 544 were unique to one of the caves, leaving 1,054 that were found in more than one cave, including 109 found in all six (Fig. 3A , Supplemental Table S3 ).
To determine if these differences were significant, PCoA and ANOSIM analyses were performed. PCoA showed a noticeable delineation between speleothem and sediment OTU but not between caves, suggesting the microbiomes in the different caves are indistinct (Fig. 3B ). Two-way ANOSIM analyses comparing the speleothem and sediment OTU between each cave demonstrated only small to moderate differences between them, and only 7/15 of the comparisons had a significant P value ≤ 0.05. Surgener Cave stands out as the only one whose microbiome showed significant differences from the other five. An R-value from the combined samples from all caves provided a significant R-value of 0.37, suggesting an overall low similarity of the microbiomes between the caves.
Discussion
Cave Microbiomes in a Temperate Environment Share Fewer than Expected OTU with the Surface Microbiome
A long-held assumption in cave ecology has been that cave microbiomes, representing a potential primary source of energy entering the food web, are composed of surface microbes and organic matter that have been transported in by flowing or dripping water, roots, or animal occupants (Laiz et al., 1999 , Simon et al., 2003 , Engel and Northup, 2008 . The microbiomes of cave interiors have been studied for decades and an extensive list of troglobitic bacteria have been compiled (e.g., Tomcyzyk-Zak and Zielenkiewicz, 2016), yet comparisons between interior and exterior microbial communities are sparse. Most recently, two metabarcoding surveys of cave systems in arid regions of North America compared cave speleothem and microbial mat microbiomes to those found in surface soils (Ortiz et al., 2013 , Lavoie et al., 2017 . Both studies found very low overlap between subsurface and exterior microbiomes; 16 % between speleothems in Kartchner Cavens, AZ and surface soil and 11.2 % between lava cave microbial mats and surface soil. These studies provide evidence that the majority of cave microbes may be cave-adapted endemics and not dormant or physiologically suppressed surface microbes that have washed in.
We surveyed the prokaryotic microbiomes from speleothems and soil from six caves in the temperate Appalachian region of Southwest Virginia and compared them to surface soil microbiomes to test the following hypothesis: caves in a temperate environment would share a larger number of microbes with the surface than caves in an arid environment, based on the assumption that more surface microbes would enter caves in an environment with regular year-round rainfall than caves in arid environments that receive seasonal rainfall.
The Ortiz et al., (2013) and Lavoie et al., (2017) studies compared the microbiomes of cave speleothems to surface soils. When we compared spe-leothemdamp ceiling samples with surface soil we found a 21.4 % overlap, which demonstrated a higher incidence of overlapping microbes than was seen in the arid environments, but the overlap was still relatively low, suggesting over 78 % of the microbes living on speleothems and ceilings were cave-adapted. Based on these observations, we reject our first hypothesis.
We also included cave sediment microbes in our study and found that these had an OTU overlap of 53.8 %, much higher than speleothems but still lower than anticipated if surface soil and its accompanying microbes were being hydraulically transported into, and subsequently colonizing, caves. All six caves have perpetually-running streams that are presumably fed from a combination of surface water and groundwater sources. We believed this water could serve as a pathway for the entrance of microbes into the caves and that they would be more likely to be found in cave sediments than on speleothems. There was a much larger overlap between cave sediments and surface soils but it was still lower than expected, with a little over half the OTU found in both locations. These data suggest cave sediment microbiomes harbor large numbers of unique species and strains of microbes able to survive and propagate in the nutrient-poor subsurface environment, and that infiltrating groundwater and sinking streams are only minor contributing factors. Thus, we cannot comfortably reject or maintain our hypotheses without further comparisons.
The Microbiomes Among Caves are Similar
A comparison of three geographically distinct European caves discovered 474 distinct 16S OTU using a clonal approach and found very similar microbial profiles, leading the authors to posit that limestone caves harbor similar microbiota (Porca et al., 2012) . In contrast, microbiome surveys of individual speleothems and microbial mats have demonstrated these features can have unique microbiomes, with no correlation between the number of shared OTU and proximity (Legatzki, 2011 (Legatzki, ,2012 Ortiz et al., 2013; Lavoie et al., 2017) . These studies showed that a highly diverse microbial community could exist upon a single cave formation, and that community structure was variable from formation to formation, suggesting that microbial community composition may be site-specific at some scale.
Our second hypothesis, individual caves within an ecosystem would have insignificantly different microbiomes, was formed based on the observation that variation between speleothems and rock surfaces within caves is comparable to that found between geographically diverse caves (Ortiz et al., 2013) . Considering the observations of Porca et al. (2012) , we presumed the OTU found within the six sampled caves would be insignificantly different from cave to cave. The caves we sampled are located in different watersheds, but within a radius of 40 km, and four of the caves (Surgener, Gallohan 1, Gallohan 2, and Smith-Milk) represent separate entrances into a presumed single cave system. PCoA analyses demonstrated differences between cave samples, but according to ANOSIM, these were small to moderate differences, suggesting that the cave microbiomes are not unique to individual caves, which supports the observations of Porca et al. (2012) , as well as our second hypothesis.
Cave-specific Microbial Taxa Unique to this Metagenomic Survey
The predominant cave-specific microbial phyla found in our study (Table 1 ) are similar to those described by previous studies (Vardeh et al., 2018; Lavoie et al., 2017; Mendoza et al., 2016; Ortiz et al., 2013) : Actinobacteria, Proteobacteria, Acidobacteria, Planctomycetes, Gemmatimonadetes, and Bacteroidetes. We did, however, uncover cave-specific taxa from two phyla not mentioned in previous studies: Armatimonadetes, and Parvarchaeota. Armatimonadetes is a phylum first defined from 16S metagenomic surveys from a wide variety of environments including hot springs and geothermal soils (Hugenholtz et al., 1998; Stott et al., 2008) , temperate soils (Dunbar et al., 2002; Lipson and Schmidt 2004) , and freshwater (Crump and Hobbie 2005; Urbach et al., 2001; Wu et al., 2007) . Three species from this phylum have been cultured and described as aerobic chemoheterotrophs. Armatimonas rosea, was isolated from the rhizophere of a reed from in a freshwater lake in Japan (Tamaki et al., 2011) ; Fimbriimonas ginsengisoli was collected from ginseng field soil in South Korea (Im et al., 2012) ; and, Chthonomonas calidirosea was cultured from geothermally-heated soil in New Zealand (Lee et al., 2011) . Fifty-eight distinct cave-specific Armatimonadetes OTU were identified in our study and sixteen were identifiable as the genera Armatimonas and Fimbriimonas (Supplemental Table  S3 ).
Parvarchaeota is an Archeaen with taxa first discovered in acid mine drainage (AMD) of Iron Mountain in Richmond, CA, USA, and are among the smallest known cells (Comolli et al., 2009; Baker et al., 2006) . A survey of Parvarchaeota from 39 AMD and hot springs sites from around the world found them residing only in AMD sites. Follow-up culture plus genome analyses from the same study suggested they are iron-oxidizing anaerobes that must scavenge amino acids and nucleotides from the environment or other organisms (Chen et al., 2018) .
Even though species from Armatimonadetes have not been reported from caves, this habitat is consistent with previous descriptions since they can live in a wide range of habitats. This is not the case for Parvarchaeota since the damp karst cave features do not offer a habitat similar to AMD.
Conclusions
Our data demonstrate a consistent distinction between the community structures of cave-dwelling microbes and surface microbes in a temperate environment with regular year-round rainfall. This study also demonstrates that the interiors of the six caves hosted relatively uniform microbiomes, suggesting these microbes have adapted to the cave environment. Mechanisms for communication between caves and the surface and between cave systems in the southern Appalachians are poorly understood and are presumably related to the complex geologic and evolutionary history of the region. These results suggest that further exploration of these ecosystems is warranted and could uncover unique microbiomes. 
